Ionic polymer-metal composites (IPMCs) are innovative materials that offer combined sensing and actuating ability in lightweight and flexible package. IPMCs have been exploited in robotics and a wide variety of biomedical devices, for example, as sensors for teleoperation, as actuators for positioning in active endoscopy, as fins for propelling aquatic robots, and as an injector for drug delivery. In the actuation mode, one of the main challenges is precise position control. In particular, IPMC actuators exhibit relaxation behavior and nonlinearities; and at relatively high operating frequencies dynamic effects limit accuracy and positioning bandwidth. A frequency-weighted feedforward controller is designed to account for the IPMC's structural dynamics to enable fast positioning. The control method is applied to a custom-made Nafion-based IPMC actuator. The controller takes into account the magnitude of the control input to avoid generating excessively large voltages which can damage the IPMC actuator. To account for unmodeled effects not captured by the dynamics model, a feedback controller is integrated with the feedforward controller. Experimental results show a significant improvement in the tracking performance when feedforward control is used. For instance, the feedforward controller shows over 75% reduction in the tracking error compared to the case without feedforward compensation. Finally, the integrated feedforward and feedback control system reduces the tracking error to less than 10% for tracking an 18-Hz triangle-like trajectory. Some of the advantages of feedforward control as well as its limitations are also discussed.
Introduction
Ionic polymer-metal composites (IPMCs) belong in the electroactive polymer family [1] . A typical IPMC consists of an ion exchange polymer membrane, such as Nafion™ from Dupont, sandwiched between two inert metal electrodes [2] , for example platinum, gold, or silver. The electrodes can be applied to the surfaces of the ionic polymer membrane through a chemical reduction process. The metal electrodes allow the application of voltage to control the deformation of the IPMC material. IPMCs must be saturated with an ionic fluid, such as water, to operate. In the case of a water-saturated 1 Author to whom any correspondence should be addressed.
IPMC material, deformation is due to the movement of water molecules toward the cation-rich side of the membrane which results in hydrophilic expansion. IPMC-based actuators are exploited to create novel soft actuators for applications that include robotic grippers [3] and propulsors [4] , prostheses [5] , artificial ventricular muscles [6] , and active endoscopy [7] . Similar to other active materials such as piezoelectrics, when the IPMC material is strained it generates a measurable voltage for sensing applications [8] . But from an actuator standpoint, the advantages of IPMCs include: (a) low driving voltage (<5 V), (b) flexible and easy to shape, (c) silent motion, (d) high displacement to mass ratio, and (e) IPMCs work in an aqueous environment. However, the behavior of IPMCs includes back relaxation, nonlinearities, structural dynamic effects, as well as time-varying behaviors [9] [10] [11] , all of which make positioning a challenge. High precision control of IPMC actuators is highly desirable in many applications ranging from robotic manipulators to biomedical devices.
Numerous control approaches have been proposed to control the behavior of IPMCs. The control techniques fall into two general categories: (1) feedback control and (2) feedforward control.
Feedback control, a reactive approach which requires sensor feedback, is the most widely applied technique. Traditional proportional-integralderivative (PID) [12, 13] and state-feedback [14] help to improve both the transient and steady-state responses. More advanced feedback-based techniques include adaptive [15, 16] and robust control [11] , where the former is designed to adapt to the variations in actuator's behavior over time (such as evaporation of the ionic fluid) and the latter is primarily used to overcome uncertainties and non-repeatability. Feedback control, although robust, is often bandwidth limited and challenging to stabilize for systems with high quality factor [17] . In contrast to closed-loop (feedback) control, feedforward control, an anticipatory approach, has been considered for IPMC actuators [18] . Specifically, inversionbased feedforward control using a quasi-static model has been applied to IPMC actuators [9, 19] . A nonlinear feedforward compensator combined with a PID controller was recently used to control the bending motion of an IPMC actuator that was fabricated by a new approach [20] . The nonlinear compensator accounted mostly for the nonlinear behavior of the actuator at low frequencies. However, feedforward control based on the inversion of the system dynamics for dynamic compensation at relatively high operating frequency has not been studied for IPMC actuators. At high frequency, induced structural vibrations in the IPMC actuator lead to significant positioning error. For example, if an IPMC actuator is used for quick positioning, such as in active endoscopy [7] , movement induced vibrations can cause image distortion. In general, the induced vibrations are caused by exciting the resonant modes of the IPMC actuator. Figure 1 shows an example of the dynamic effects measured in an IPMC actuator. At high operating frequencies, such as 18 Hz, the measured response of the IPMC actuator for a command voltage which is proportional to the desired response causes significant tracking error (difference between desired and measured response). At lower operating frequency, for example at 1 Hz, the effect of dynamics is less pronounced. Therefore, such frequencydependent behavior precludes the application of feedforward methods based on static models as previously done.
In this work, a model-based feedforward controller is used to control the positioning of a Nafion-based IPMC actuator. The focus is to use feedforward control input to account for the IPMC's structural dynamics to improve positioning bandwidth. Using a linear dynamics model, a frequencyweighted approach is presented which takes into account the limitations of the applied voltage as relatively high voltages can damage the IPMC actuator or degrade its performance [21] . In particular, the design of the feedforward controller utilizes an experimentally-measured frequency response function where the magnitude of the input voltage to the IPMC is traded off with tracking precision. In this case, as the operating speed increases the tracking precision is relaxed to avoid generating excessively large input voltages required to track high frequency trajectories. One advantage of the proposed approach is the experimental modeling process can be automated, simplifying implementation, and sensor feedback is not required. However, to provide robustness against unmodeled dynamics such as relaxation behavior at low operating speeds and nonlinearities, a feedback controller is integrated with the feedforward control scheme to provide precision control over a wide range of operating frequencies. The main contributions of this work include designing and implementing the proposed control method for IPMC actuators. In addition, advantages and limitations of the feedforward method are discussed.
Frequency-weighted inversion-based feedforward control
Unlike feedback control which reacts to a measured tracking error, feedforward control anticipates deficit performance. To accomplish this, a model of the system's behavior is inverted to find an input that achieves a desired behavior (see figure 2(a) ). An advantage of feedforward control is that it can be applied without sensor feedback. This approach has been extensively studied for piezoactuators [22] . In the following, feedforward control is presented to compensate for dynamic effects in the IPMC, in particular, the linear dynamics which can be captured experimentally through frequency response functions. Other effects such as relaxation and time-varying behavior due to ionic fluid evaporation are not explicitly dealt with in the design of the feedforward controller. Instead, a feedback controller will be combined with the feedforward controller to minimize these effects (see figure 2(b) ). Such a combination was chosen to simplify the implementation of the controller; namely, to avoid the complexity in modeling and inverting the nonlinearity of the IPMC in the feedforward design. Additionally, the feedback controller provides some level of immunity to changes in operating conditions and system variations.
Feedforward control design
The objective of feedforward control is to determine an input which achieves a desired behavior. To do this, consider an IPMC actuator where the input is the applied voltage and the output is bending displacement (see figure 1 ). Let G(jω) be the Fourier transform of the IPMC's dynamics which relates the input voltage U (jω) to the output displacement Y (jω). If the model G(jω) of the system is known, then for a given desired trajectory Y d (jω), the feedforward input is simply
where
is the inverse of the system [23] . It is noted that the desired output trajectory Y d (jω) must be known to determine the feedforward control input U ff (jω). This frequency-based approach is applicable to nonminimum phase systems [24] , that is, systems with open right-half-plane system zeros. The time-domain solution, u ff (t), is simply found by taking the inverse Fourier transform of U ff (jω).
Although the feedforward input given by equation (1) can be determined with a reasonably accurate dynamics model G(jω), the generated input (i.e., voltage applied to the IPMC) may be excessively large when the system has lightlydamped system zeros, i.e., anti-resonances. The excessively large control voltage can damage the IPMC actuator [21] .
Additionally, large model uncertainties around the resonant peaks and/or lightly-damped zeros may cause significant error in computing the feedforward input [25] .
To address these issues, consider the following frequencyweight feedforward approach. The objective is to determine a new, modified feedforward inputÛ ff which minimizes the following cost function:
where J (U ) denotes the system energy, ' * ' denotes the complex conjugate transpose, U (jω) is the feedforward input to the IPMC actuator,
is the desired output, and R(jω) and Q(jω) are non-negative, frequency-dependent realvalue weights on the input energy and the tracking error, respectively [26] . Therefore, the generated feedforward input takes into account the magnitude of the input and the tracking precision through the weightings R(jω) and Q(jω).
To determine the modified feedforward inputÛ ff that minimizes the cost function equation (2), the following conditions must be satisfied:
Substituting
, the first and second derivative of J (U ) with respect to the input U are
and
(Recall that for a vector X and matrix B,
) By the rules of integration, conditions (3) and (4) are satisfied if
Since R(jω) and Q(jω) are non-negative, equation (8) is satisfied. Finally, from equation (7) the modified feedforward inputÛ ff (jω) iŝ
Substituting the modified feedforward inputÛ ff (jω) into the system transfer function, the trajectoryŶ d is tracked, The weights R(jω) and Q(jω) can be designed to take into account the input magnitude and the model uncertainties at a particular frequency. Generally speaking, the input energy weight R(jω) should be chosen much larger than the tracking error weight Q(jω) at frequencies where there are (a) large model uncertainties and/or (b) lightly-damped zeros. For the former case, erroneous inputs due to large model uncertainties are minimized; and for the latter case, excessively large inputs are avoided in the inversion process.
Integrating feedback control with feedforward input
The feedforward control input described above accounts for the linear vibrational dynamics captured in G(jω). However, the behavior of IPMCs may include nonlinearities, like hysteresis [9] and back relaxation [27] , which cannot be readily modeled in G(jω). These additional behaviors were not considered in the feedforward design, primarily due to complexity. Thus, the electro-mechanical dynamics model G(jω) as described below are modeled over a relatively high frequency range. By doing this, the slow relaxation behavior can be ignored. In this case, feedback control is integrated with the feedforward input computed through equation (9) to minimize the relaxation behavior and additional nonlinearities. It is pointed out that one advantage of the proposed feedforward method is simplicity-in a sense that it depends on the linear dynamics model G(jω) which can be easily obtained by measuring the system's frequency response function. By adding feedback control, the system is more robust to variations, for example, effects due to evaporation of the ionic fluid (water) when the IPMC is operated in air.
The experimental IPMC system
The control system was evaluated on a custom-made experimental IPMC system. This section describes the design of the experiment and the details of the controller implementation.
Fabricating Nafion IPMC actuators via the casting method
The IPMC actuators used in all experiments were customfabricated in the lab. The fabrication process consists of two tasks: (1) casting the Nafion polymer membrane and (2) plating the platinum metal electrodes on the membrane surfaces. Casting allows thicker Nafion membranes to be created compared to what is commercially available. Figure 3 outlines the steps involved and the details are presented next.
Casting Nafion polymer membranes.
The casting process involves the use of liquid Nafion solution (Nafion 117, 15% Nafion by weight). Approximately 1 g of the Nafion solution forms a membrane with 10-15% of the original volume.
First, the liquid Nafion solution was poured into a Pyrex glass mold and allowed to dry in air at room temperature for approximately two days. The result is a thin membrane. Afterward, the membrane was released from the mold and trimmed to remove edge effects as shown in figure 3 . The membrane went through heat treatment in an oven at 140
• C under the light pressure of 1.24 × 10 4 Pa (1.80 psi) for 30 min [21] . The heat treatment process stiffened the Nafion membrane. After this process, platinum electrodes were applied to the surfaces of the membrane as described below.
Depositing platinum electrodes.
Platinum electrodes were electro-chemically deposited on the surfaces of the Nafion membranes. The precious metal was used because of the acidic nature of the ionic membrane. Additionally, the precious metal does not oxidize when subjected to water or applied voltage-oxidation corrodes the metal and reduces the conductivity of the IPMC. The ingredients of the electrochemical process include: platinum complex (Pt(NH 3 ) 4 Cl 2 ), 1 M sulfuric acid (H 2 SO 4 ), deionized water, and 1% (wt/wt) sodium borohydride (NaBH 4 ) solution. The electrode plating steps are as follow.
First, the Nafion membranes were cleaned in an ultrasonic bath with deionized water. Then, the pieces were boiled in 1 M sulfuric acid (H 2 SO 4 ) for 30 min. Afterward, the pieces were removed from the acid solution and boiled in deionized water for an additional 30 min.
Following the cleaning process, the membranes were soaked in the platinum salt solution (Pt(NH 3 ) 4 Cl 2 ) for approximately 16 h at room temperature with occasional stirring. The amount of the solution used in this step met the minimum requirement of 3 mg of platinum for every cm 2 of the surface area of the Nafion membrane [28] .
Finally, the platinum layer was formed on the surfaces of the Nafion membrane via the primary chemical reaction between the platinum salt Pt(NH 3 ) 4 Cl 2 and the reducing agent, sodium borohydride solution (NaBH 4 ) [29] ,
The sodium borohydride solution with a concentration of 1% (wt/wt) was created by mixing deionized water with sodium borohydride powder. The plating process begins with washing the Nafion membranes (each with 60 cm 2 surface area) in deionized water, followed by suspending the membranes vertically in large test tubes filled with deionized water. The test tubes were placed in a water bath maintained at 40
• C. At this temperature, each test tube containing a Nafion membrane received 4 ml of sodium borohydride solution every 30 min, for seven times. After the seventh dose, the temperature of the solution was gently raised to 60
• C, and a final 40 ml of the sodium borohydride solution was added to each test tube. Each sample was left to soak for an additional two hours at 60
• C, then removed and washed in deionized water. This process produced one layer of platinum.
Additional layers were created by repeating the process described above. Five layers of platinum were deposited to create the experimental IPMC actuators. Finally, the membranes were trimmed to the appropriate size and the metal plating was removed from the edges to prevent short circuit through the thickness of the IPMC actuator. It is pointed out that a thicker platinum layer can lower the resistance of the electrodes [30] , and lower surface electrode resistance can enhance the performance of the actuators [31, 32] . Scanning electron microscope (SEM) images of the fabricated IPMCs and a close-up view of the platinum layer are shown in figure 4.
The experimental setup
The fabricated IPMC actuators were cut into 7 mm × 24 mm strips and clamped at one end by a custom-designed stainless steel fixture (see figure 5) . The other end of the A desktop computer with a 12 bit data-acquisition system was used to implement the controller, to send control signal to a custom-designed voltage amplifier circuit to drive the IPMC actuator, and to collect the sensor output with a closed-loop bandwidth of 10 kHz. Before each run, the IPMC actuator was thoroughly soaked in deionized water, then placed in the fixture and operated in air for no longer than two min before it was returned to the water.
Dynamics modeling
The feedforward controller described above requires knowledge of IPMC's electro-mechanical dynamics, G(jω). The dynamics model can be obtained by curve fitting the measure frequency response of the IPMC actuator. The frequency response for G(jω) of the IPMC actuator was measured using a dynamic signal analyzer (DSA, Hewlett Packard model 35670A). (Other methods to obtain the frequency response curve from measured input-output data can be used, for instance by applying a chirp signal and measuring the IPMC's response, then computing the frequency response using Matlab software.) A sinusoidal input voltage u, with a fixed amplitude and varying frequency, was applied to drive the IPMC actuator. The magnitude of the input was maintained at 100 mV, small operating range. The displacement of the IPMC actuator was measured by the laser displacement sensor. The output of the sensor was fed back to the DSA to construct the frequency response plots (magnitude and phase versus frequency). The frequency response was recorded between 1 Hz and 1 kHz and is shown in figure 6 . The response shows a dominant resonant peak at approximately 113 Hz.
Rather than curve fit the measured frequency response to determine G(jω) for computing the feedforward input, for example using Matlab's system identification package, the measured frequency response data was used directly in the inversion feedforward scheme, equations (9) and (10) . This approach eliminated the time-intensive step of identifying the model G(jω) from the measured data and it minimized the modeling errors introduced in the curve fitting step.
Controller implementation
Computing the feedforward input: the frequency response data G(jω) was used directly to determine the feedforward input, equation (9) . The time-domain solutionû ff (t) was found by the inverse Fourier transform. Figure 7 outlines the implementation process, which consists of three main steps. The weightings are such that the computed feedforward input magnitude remained below 5 V to avoid damaging the IPMC. It is emphasized that beyond 130 Hz, the magnitude response drops considerably and to maintain a desired output range, large input would be required. By equation (2) it can be seen that when Q = 1 and R = 0, the frequency-weighted inversion method does not factor in the control input. But rather, the tracking error e is considered more important, and in this case, the best tracking performance is achieved without limiting the feedforward input, because the magnitude of the frequency response of the IPMC actuator is relatively high Integration with feedback control. After determining the feedforward inputû ff (t) and the reference outputŷ d (t), these two signals are applied to a closed-loop control system as shown in figure 2(b) . Specifically, the modified trajectorŷ y d (t) becomes the reference trajectory to the feedback system. Feedback is used to account for the unmodeled behaviors such as back relaxation. In this work, the following PI feedback controller is chosen:
The PI controller gains K p and K i were tuned experimentally to 24 and 0.7, respectively. The PI feedback controller was implemented on the computer with a closed-loop bandwidth of 10 kHz. The PI structure is chosen because of its simplicity and at relatively low frequencies, the integrator term provides good tracking performance. The objective is to add the feedback controller to minimize low frequency effects such as back relaxation. Added damping and improved dynamic response can be achieved by adding a derivative term to create a proportional-integral-derivative (PID) controller, but the focus was to use the feedforward controller for dynamic compensation, rather than rely on the feedback controller.
Tracking results and discussion
The experimental results for the feedforward, feedback, and the integrated controllers tracking a 1, 10, and 18 Hz triangular trajectory with amplitude 1.0 mm are presented and discussed below.
Feedforward controller results
The feedforward tracking results are shown in figures 9 and 10. The computed feedforward inputs (using equation (9)) at each frequency are shown in figure 9 , where the magnitudes of the peak are below 4 V. Applying each of these inputs to the IPMC actuator, the measured displacements (normalized) versus time are shown in figure 10 . The modified desired triangular trajectoryŷ d (t) (reference trajectory) is denoted by the dash line. The dash-dot line represents the response of the 
where G(0) is the DC gain of the IPMC system. The response of this uncompensated input is used for comparison. In all three cases, plots (a) through (c), the tracking errors of the uncompensated case was significant. Table 1 lists the magnitude of the maximum tracking error, e max (%) = [
are the normalized measured and desired output, respectively. Also listed are the root-mean-squared error values, defined as
The results show clearly that the feedforward controller was able to improve the tracking response of the IPMC by at least 70% compared to the uncompensated case. Although the improvement was significant, at the 18 Hz scan frequency, the maximum tracking error with feedforward control was quite evident at 17.54%. The large tracking error at high frequency is attributed to unmodeled effects. To further improve the response of the feedforward controller, the PI feedback controller is integrated with the feedforward controller. The feedforward controller compensated for the dynamic effects and PI feedback controller minimized the residual error due to unmodeled effects.
Feedback controller results
The performance of the feedback controller (without feedforward) is shown in figure 11 , and immediately the results show good tracking performance at low frequency (1 Hz). However, as the frequency increases, the PI feedback controller's performance begins to degrade. Table 2 shows that maximum tracking error at 18 Hz is over 33%. It is pointed out that although other types of feedback controllers can be designed to provide better performance, in general such controllers are bandwidth limited and large gains (hence large input voltages) are required for good tracking performance.
Integrated feedforward and feedback controller results
By combining the feedforward input and the feedback controller, the tracking error was reduced considerably compared to both the uncompensated case shown in figure 12 and the feedback-only case shown in figure 11 . Particularly, at 18 Hz scan frequency, the maximum tracking error for the integrated controller was less than 8%. tracking results for the integrated controller. Comparing the results of tables 1 and 3, the feedback controller reduced the maximum tracking error of the feedforward controller at 18 Hz by over 50%. Therefore, the combination of feedforward and feedback control allows precise tracking control of IPMC at relatively high scan frequency.
Considerations for feedforward control
An advantage of the proposed feedforward control method is sensor feedback is not necessary. Therefore, this control method may be attractive in applications where incorporating sensors is not practical due to cost or limited space. But if sensing information is available, combining feedforward with feedback control can improve the performance significantly. The added feedback mechanism provides robustness, whereas with pure feedforward control, the effects due to ionic fluid evaporation posses a challenge since the system model can vary drastically over time. Therefore, the feedforward control method is recommended for IPMCs where minimal changes occur in the operating conditions. However, the performance benefits through the application of feedforward control, for certain applications, is worth the tradeoff. 
Conclusions
The paper presents the application of a frequency-weighted, inversion-based feedforward controller to compensate for the vibrational dynamics of an IPMC actuator. The controller is implemented by using the measured frequency response of the IPMC actuator, thus eliminating the tedious process of identifying the dynamics model. The magnitude of the computed input can be controlled to avoid damaging the IPMC. For applications in which sensor feedback is not easily available, feedforward control is a viable method for controlling IPMC actuators. If sensing information is available, combining feedforward with feedback control can improve the performance significantly. Experimental results show that the feedforward controller compensated for the dynamics at relatively high scan frequency. The integrated control system reduces the tracking error to less than 10% for tracking an 18 Hz triangle-like trajectory.
